INTRODUCTION
by previous studies in the rat model, showing that optimal placement of grafts in the striatum in order to maximize reinnervation of the locomotor striatum is essential Clinical efficacy of dopaminergic grafts likely depends on optimal graft placement. The current neural for enhancing functional recovery (11, 12, 26, 27, 47) . Early studies by Dunnett and colleagues (11, 12) demonstrated transplantation strategy has been the placement of fetal ventral mesencephalic (FVM) tissue in the striatum. Al-that dopaminergic grafts reinnervating dorsal and ventrolateral regions of the striatum are effective in alleviat-though reinnervation of other dopamine-denervated basal ganglia nuclei such as the substantia nigra and subtha-ing amphetamine-induced rotational behavior, with dorsal striatal innervation promoting a quicker restoration lamic nucleus may also be important (3, 21, (23) (24) (25) 28, 32) , optimal placement of the graft within the striatum of rotational symmetry than innervation of ventrolateral portions (12) . However, reinnervation of ventrolateral may be necessary to maximize functional recovery. The rat striatum has been proposed to consist of three main regions of the striatum is more effective in alleviating sensorimotor asymmetry, such as orientation towards vi-functional components-locomotor, limbic, and associative components (17) -which has also been proposed sual, olfactory, or tactile stimuli and coordinated foreand hindlimb use (11, 12) . for the primate striatum (33) (34) (35) . The locomotor striatum consists predominantly of the lateral striatum in ro-In this study we assessed the ability of a second lateral graft to promote rotational recovery in rats bearing dents and the postcommissural putamen and a dorsolateral region of the caudate nucleus in primates (18) . unilateral 6-hydroxydopamine (6-OHDA) lesions and an initial medial dopaminergic graft. Animals with nigro-Therefore, dopaminergic reinnervation of those areas may be important for maximizing clinical recovery in striatal lesions were randomly divided into three groups. Group 1 received grafts of 900,000 FVM cells in the rodents, primates, and humans. This is supported in part 186 BAKER ET AL. medial striatum; group 2 received two grafts of FVM Cambridge, Ontario); 8% xylazine (Rompun, Bayer Inc., Toronto, Ontario); 3% acepromazine maleate (Wyeth-cells in both the medial and lateral striatum simultaneously; and group 3 received an initial graft of FVM cells Ayerst Canada, Montreal, Quebec); in 0.9% saline]. Two stereotactic injections of 6-OHDA (Sigma Chemi-in the medial striatum and a subsequent graft of cells in the lateral striatum 6 weeks following the initial graft.
cal Company, Chicago, IL; 3.6 µg of 6-OHDA HBr/µl in 2.0 mg/ml of L-ascorbate in 0.9% saline) were made Both medial and lateral grafts were implanted along a trajectory to reinnervate dorsal, central, and ventral re-at the following coordinates (mm): 1) 2.5 µl at anteroposterior (A/P) −4.4, mediolateral (M/L) −1.2, dorso-gions of the striatum. The results of this study indicate that a subsequent graft is able to promote functional re-ventral (D/V) −7.8, toothbar −2.4; and 2) 3.0 µl at A/P −4.0, M/L −0.8, D/V −8.0, toothbar +3.4. Anteroposter-covery in animals with suboptimally positioned initial grafts. Furthermore, these experiments demonstrated ior and mediolateral coordinates were taken from bregma and dorsoventral coordinates from the ventral surface of that the initial graft improves survival of the subsequent graft. These results have important clinical implications the dura at the site of injection. The rate of injection was 1.0 µl/min and the cannula was left in place for 5 min for maximizing clinical recovery in transplanted Parkinson's disease (PD) patients.
before injection of 6-OHDA and slow retraction of the cannula.
MATERIALS AND METHODS
Animals were allowed to recover for 2 weeks follow-Experimental Design ing lesioning before receiving an amphetamine challenge (5.0 mg/kg, IP). Rotational behavior was assessed Twenty female Wistar rats (Charles River, St. Confor 70 min following injection using a computerized stant, Quebec) were used in this study. All animals revideo activity monitor system (Videomex-V, Columbus ceived unilateral 6-OHDA lesions of the right ascending Instruments, Columbus, OH). Animals exhibiting greater nigrostriatal pathway and were randomly divided into than 8 full body rotations/minute were chosen for transthree groups. The first group (n = 6) was transplanted plantation. Animals were tested 2 weeks after lesioning, with a single graft of 900,000 FVM cells in the medial and 9 and 12 weeks following transplantation of the meregion of the striatum. The second group (n = 8) redial graft, or 3 and 6 weeks following implantation of ceived two grafts of 900,000 cells in both the medial the second graft, respectively. and lateral regions of the striatum (medial and lateral graft, respectively) simultaneously (1.8 
million cells in
Cell Suspension Preparation and Microtransplantation total). The final group of animals (n = 6) received a sec-Ventral mesencephalons were harvested from embryond lateral graft of 900,000 cells 6 weeks following imonic day 13-14 rat fetuses. Briefly, pregnant rats were plantation of the initial medial graft. Dopaminergic intraperitoneally anesthetized with 3.0 ml/kg of a ketagrafts were implanted at three sites to maximize reinmine-xylazine-acepromazine mixture. Under complete nervation of the dorsal, central, and ventral regions of anesthesia, the uterine horns were removed from the the striatum. Amphetamine-induced rotational behavior pregnant dams and the fetuses removed. The VMs were was used to investigate functional recovery. Graft surthen dissected under aseptic conditions in Dulbecco's vival was assessed by immunohistochemistry for the modified Eagle's medium (DMEM) and stored overpresence of tyrosine hydroxylase (TH).
night at 4°C in a calcium-free, phosphate-buffered hiber-Animals and 6-OHDA Lesions nation medium as described previously (2). Briefly, the hibernation medium consisted of: 30 mM KCl, 5 mM Female Wistar rats, weighing 200-225 g, were housed two animals per cage with access to food and water ad glucose, 0.24 mM MgCl 2 , 10.95 mM NaH 2 PO 4 , 5.0 mM Na 2 HPO 4 , 20 mM lactic acid, 32.18 mM KOH, 164.7 libitum. The animals were kept in a temperature-controlled environment with exposure to a 12-h light/dark mM sorbitol, pH 7.4. Suspensions of FVM cells were prepared as previously described (3, 23, 24) . Briefly, tis-cycle. A period of 7 days was allowed for acclimatization to the animal care facility before lesions of the ni-sue was incubated in 0.1% trypsin/0.05% deoxyribonuclease (DNase)/DMEM (trypsin and DNase: Sigma Chem-grostriatal pathway were performed. All experimental procedures were in accordance with the guidelines of the ical Company) at 37°C for 20 min, followed by four rinses in 0.05% DNase/DMEM. The tissue was then me-Canadian Council on Animal Care and the University Council on Laboratory Animals. chanically dissociated until a milky, homogeneous single-cell suspension was obtained. The viability and con-Unilateral 6-OHDA lesions were made into the right ascending dopaminergic mesostriatal pathway. Briefly, centration of the cell suspensions were calculated using the trypan blue dye exclusion method prior to transplan-rats were anesthetized intramuscularly with 2.0 ml/kg of a ketamine-xylazine-acepromazine mixture [30% keta-tation. The concentration and viability of cell suspensions prior to transplantation are shown in Table 1 . The mine hydrochloride (Ketalean, MTC Pharmaceutical, viability of the cell suspensions was also routinely cal-ketamine-xylazine-acepromazine mixture. They were then perfused transcardially with 0.1 M phosphate-buf-culated after each grafting session (3-4 h) and was not significantly different than the viability at the beginning fered saline (PBS) followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for approximately 10 min. of the session.
Cell suspensions were transplanted within the stria-The brains were then extracted and postfixed with 4% paraformaldehyde in 0.1 M PB for 24 h and cryoprotec-tum utilizing the procedure previously described by Nikkhah and colleagues (27). Briefly, a specially designed ted in 30% sucrose in 0.1 M PB. With a freezing microtome, 40-µm-thick coronal sections were made through capillary tip micropipette with an outer opening diameter of 50-70 µm, attached to a 2-µl Hamilton syringe, the rat striatum and stored in Millonig's buffer (6% sodium azide in 0.1 M PB) prior to immunohistochemical was used to graft the desired number of cells at a rate of 100 nl/min. Medial dopaminergic grafts were stereo-processing.
Immunostaining for the presence of TH was per-tactically injected at the following coordinates (mm): Figure 1 demon-min in 10% methanol and 3% hydrogen peroxide in 0.1 M PB then blocked in PB containing 0.3% Triton X-100 strates the position of medial and lateral grafts. and 5% normal swine serum (NSS) for 1 h. Sections TH Immunohistochemistry were then incubated in a 1:2500 solution of rabbit poly-Approximately 12 weeks following the initial graft, clonal anti-TH Ab for 16 h at room temperature (in 5% animals were killed by an anesthetic overdose with a NSS and 0.3% Triton in 0.1 M PB). Antibody binding was visualized using a 1:500 biotinylated swine antirabbit IgG Ab (Dako Diagnostics Canada Inc., Mississauga, Ontario), followed by a streptavidin-biotinylated horseradish peroxidase complex kit. Peroxidase activity was visualized by the addition of 3,3′-diaminobenzidine. Sections were washed 5 times in 0.1 M PB, mounted on gelatin-coated slides, dehydrated, and coverslipped in entellan.
Cell Counts
The total number of TH-immunoreactive (TH-ir) cells was counted in the grafted regions with the aid of a 10 × 10-mm ocular lens grid by an observer blind to the experimental group to which the sections belonged. The mean cell diameter [(long axis + short axis)/2] for each section was calculated by randomly selecting 10 cells section through the graft was counted. The total number of grafted cells in each animal was estimated using Aber-surrounding the dopaminergic graft. In animals with both medial and lateral grafts there appeared to be an crombie's (1) 
where P is the estimated number of cells; f is the frequency of increase in the extent of TH immunoreactivity surrounding the graft. In grafted sections TH-ir fibers could be the selected sections; A is the observed number of cells; M is the section thickness; and D is the average cell seen extending for variable distances beyond the hostgraft interface. The medial and lateral grafts were well diameter. The mean cell diameters used for calculating the estimated number of surviving TH-ir cells were localized within the medial and lateral regions of the striatum (Fig. 3A, C, E) . In rats receiving an initial me-15.95, 16.43, and 16.46 µm for the single medial, simultaneous, and sequential medial and lateral graft groups, dial graft only, no TH-ir cells were observed within the lateral striatum (Fig. 3A) . respectively. There was no significant difference (p > 0.05) in the mean cell diameters between the groups.
Graft Survival Statistics
Robust surviving grafts were observed in all animals Within-and between-group differences in amphetregardless of treatment condition (Fig. 3) . A significantly amine-induced rotational behavior were assessed at p < greater number of total TH-ir cells (p < 0.001) was ob-0.05, using a two-way analysis of variance (ANOVA) served in the striatum of animals with simultaneous or followed by Tukey's post hoc test. Between-group difsequential medial and lateral grafts than rats with medial ferences in the mean TH-ir cell diameter and cell numgrafts alone. However, there was no significant differbers were assessed at p < 0.05 using a Student's t-test. ence (p > 0.05) in the total number of surviving TH-ir cells between simultaneous and sequential graft groups.
RESULTS
When the total number of cells within the medial and 6-OHDA Lesions lateral grafts was analyzed separately, there was no significant difference (p > 0.05) in the mean number of 6-OHDA injections into the right ascending nigrostri-TH-ir cells within the medial graft between the three atal pathway resulted in the near complete absence of treatment groups (Fig. 4 ). However, a significantly TH-ir cells in the ipsilateral SN and medial forebrain greater number of TH-ir cells was observed within the bundle. In sections through the striatum not containing lateral graft of sequential grafted animals than the mea dopaminergic graft, a near complete absence of TH dial graft of those same animals (p < 0.05). In animals immunoreactivity was observed in the striatum ipsilatwith simultaneous grafts, no significant difference in the eral to the lesion. total number of surviving TH-ir cells was observed be-Amphetamine-Induced Rotational Recovery tween medial and lateral grafts (p > 0.05). All animals exhibited strong ipsiversive circling be-DISCUSSION havior upon amphetamine challenge 2 weeks following This study demonstrates that transplantation of a sec-6-OHDA lesions of the right nigrostriatal pathway. A ond dopaminergic graft in the lateral striatum signifisignificant recovery of rotational symmetry was obcantly decreases rotational asymmetry in animals with a served in the groups of animals receiving simultaneous suboptimally positioned initial graft implanted in the or sequential medial and lateral dopaminergic grafts at 9 medial striatum and that the initial graft may promote and 12 weeks posttransplantation (p < 0.001) compared survival of the subsequent graft. with postlesion rotational scores (Fig. 2) . However, there was no significant difference (p > 0.05) in rota-Graft Placement and Rotational Recovery tional scores between these two groups at either time In this study, we have demonstrated that a large, sinpoint. No significant change (p > 0.05) in rotational begle graft of 900,000 FVM cells localized to the medial havior was noted in animals with a single medial dopastriatum does not promote amphetamine-induced rotaminergic graft only at 9 or 12 weeks posttransplantation tional recovery. This lack of functional effects is un- (Fig. 2) . Both simultaneous and sequential graft groups likely to be related to a suboptimal number of surviving displayed significantly less full body rotations/minute at cells. In a previous study by our laboratory we demon-9 weeks posttransplantation (p < 0.001) than the single strated that the transplantation of 400,000 cells at six medial graft group. different sites within the striatum is sufficient to promote Graft Morphology rotational recovery (3) . The most probable explanation for the failure of grafts placed in the medial striatum to All rats contained viable TH-ir grafts within the ipsilateral striatum. Many TH-ir cell somata and fibers induce rotational recovery relates to the topographical organization of the striatum. It has been proposed that could be observed within the graft boundary (Fig. 3) . A dense halo of TH immunoreactivity could be observed the rat striatum can be subdivided into three main topo- graphically organized functional parts: limbic, associa-promote significant restoration of drug-induced asymmetry and sensorimotor behaviors. tive, and locomotor components (17) . A similar topographical organization seems to be present in the primate In the present study, an optimally placed graft in the lateral striatum 6 weeks after an initial graft implanted striatum (33) (34) (35) . The locomotor component of the rat striatum is predominately the lateral striatum, which re-in the medial striatum was able to promote functional recovery. The ability of the subsequent graft to improve ceives afferent innervation from dopaminergic nigrostriatal fibers arising primarily from cells within the lateral rotational scores did not differ from animals receiving simultaneous grafts in the medial and lateral striatum, substantia nigra (18) . The lateral striatum also receives input from the lateral and medial agranular cortices, which suggests that the critical variable is graft position and not the number of surviving cells. This observation which are analogous to the primate primary motor and premotor cortices (18) . Thus, the lateral striatum appears has important implications for clinical neural transplantation because it offers the possibility of promoting to be a more appropriate target for dopaminergic grafts in order to ameliorate locomotor deficits such as rota-functional recovery in a transplanted patient with a suboptimally placed initial graft that may not have produced tional behavior than the medial striatum, which is mainly involved in associative functions (18) . Further the expected clinical improvement. evidence of the importance of the lateral striatum in lo-Survival of Dopaminergic Grafts comotor behavior was recently reported by Chang and colleagues (6) . In their study, discrete 6-OHDA lesions
We have also observed that the initial graft may promote the survival of transplanted TH-ir cells within a of the lateral striatum were more effective in inducing adjusting step deficits than those made in the medial stri-subsequent graft. In animals with simultaneous dopaminergic grafts, there were approximately equal num-atum. Furthermore, in earlier studies by Dunnett and colleagues (11, 12) , dopaminergic reinnervation of dorsal bers of surviving cells within medial and lateral grafts. However, there was an approximate 2.2-fold increase in and lateral regions of the striatum was also observed to the number of surviving cells within the subsequent lat-may have promoted the survival of the subsequent graft by synthesis of factors such as bFGF and TGFβ2. eral graft in animals previously implanted with a medial graft. One possible explanation for the greater number
The observation of increased cell survival in the subsequent graft has clinical relevance as many clinical of surviving TH-ir cells in the second graft may be that the first graft may produce factors that enhance the sur-trials use staged procedures for bilateral intrastriatal transplants (16) . It has been suggested that grafting in vival of the second graft. The notion that transplanted fetal neuronal tissue can release trophic factors to en-a staged manner may compromise the survival of the subsequent graft by sensitization of the host system by hance survival, fiber outgrowth, and function of fetal nigral grafts is well documented. Previous studies have the initial graft to mount an immune response to the subsequent graft (45) . However, Duan and colleagues demonstrated that cotransplantation of fetal striatal and nigral tissue enhances TH-ir fiber outgrowth from (10) previously reported that an initial intrastriatal allograft does not necessarily promote the immunorejection grafted nigral cells, generally towards the fetal striatal cograft (5, (7) (8) (9) 13, 40, 42, 49) . of a subsequent allograft. This correlates well with the findings of our study in which the initial graft appears The developing rat VM is known to express bFGF between E16 and postnatal day 90 (4), and astrocytes to promote the survival of the second graft. within intrastriatal nigral grafts express bFGF and A Sequential Grafting Strategy in Parkinson's Disease TGFβ2 at 2 weeks posttransplantation (41) , which enhance the survival of cultured nigral neurons (29) (30) (31) .
The results of this study have important implications for clinical trials in neural transplantation for PD. These Many studies have shown the potent survival-promoting effects of bFGF (19, 44, 50) and the TGFβ superfamily observations advance the notion that sequential grafts may not only promote recovery when the initial graft is of molecules (2, 14, 15, 20, 22, (36) (37) (38) (39) 43, 46, 48) on grafted fetal dopaminergic neurons. In light of those observa-suboptimally placed but that the initial graft may provide trophic support to a subsequent graft. It may be tions, it is conceivable that the initial dopaminergic graft suspensions. IV. Behavioural recovery in rats with unilatpossible to "top-up" poorly surviving grafts as assessed eral 6-OHDA lesions following implantation of nigral cell by poor postoperative fluorodopa uptake using a subsesuspensions in different forebrain sites. Acta Physiol. quent graft. This sequential grafting strategy may opti-Scand. Suppl. 522: 29-37; 1983. mize functional recovery in patients that have not re-13. Emgård-Mattson, M.; Karlsson, J.; Nakao, N.; Brundin, P.
Addition of lateral ganglionic eminence to rat mesence-sponded to neural transplantation because of suboptimal phalic grafts affects fiber outgrowth but does not enhance survival or location of the initial graft. 
